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Muonium: just like hydrogen, but simpler!

Spin-0 (singlet)

e Muonium: a bound state of u* and e~
paramuonium

o

— (uTu7) bound state is a true muonium  (anti-symm)

e Muonium lifetime 7, = 2.2 us
u

— main decay mode: M, — e*e"D,p,

— annihilation: M, = v v,

Spin-1 (triplet)

) ) orthomuonium
e Muonium’s been around since 1960's

(symm)
— used in chemistry
— QED bound state physics, etc.

— New Physics searches (oscillations)

g

Hughes (1960)
The masses of singlet and triplet are almost the same!
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Muonium oscillations: just like BYB” mixing, but simpler!

* Lepton-flavor violating interactions can change Mﬂ — 1\7”

Pontecorvo (1957)
Feinberg, Weinberg (1961)

e Such transition amplitudes are tiny in the Standard Model

— ... but there are plenty of New Physics models where it can happen

_ v, _
put : T A () S f
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-k : effective operator
e ; o€ ; et
(c) (d)

— theory: compute transition amplitudes for ALL New Physics models!

— experiment: produce Mﬂ but see for decay products of ]\7”
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Combined evolution = flavor oscillations

e If thereis an interaction that couples Mﬂ and 1\7” (both SM or NP)

— combined time evolution: non-diagonal Hamiltonian!

A (1MW) z(m_ig) M (L))
di \ |M(t)) 2/ \|M ()

— diagonalization: new mass eigenstates:

|Mu1,2> = % [|Mu> + |Mu>]

— new mass eigenstates: mass and lifetime differences

Am = Ml - M29 Am AP
x (small)

AT =T, —T}. — T Y7o

These mass and width difference are observable quantities
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Combined evolution = flavor oscillations

e Study oscillations via decays: amplitudes for M, — fand 1\7# - f
— possibility of flavor oscillations (M, — M, — f)
[M(®) = g4(t) M) +9-(t) [My),

M) = o) M)+ 9O [FL),

: 1
g+(t) _ 6—I‘1t/26—zm1t [1 + g (y . z:z:)2 (Ft)2:| 7

1 :
g-(t) = se el (y — i) (I't).

— time-dependent width: T'(M, — f)(¢) = —Nf|A |2 e (T ) Ry (z,y)

— oscillation probability: &’(M# — M) = ll:EA]\;:I[“ : g = Ruy(z,y) = % (2 +y2a
i
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Oscillation parameters: introduction

e Mixing parameters are related to off-diagonal matrix elements

— heavy and light intermediate degrees of freedom

? <M IHeﬂ“ln> |Heff|Mu>
<m—§1—‘)12 <M |Heff| Z / MM E +z€ ‘

Bi-local at scale y = M,: both Am and AT’

lepton number changes: (AL, = 1)?
or (AL, = 0)(AL, =2)

Local at scale u = M,,: only Am
lepton number change AL, = 2

— each term has contributions from different effective Lagrangians

1
— ... all of which have a form Leg = —FZ@-(M)QZ-, with A ~ O(TeV)

Mass difference = real (dispersive) part; width difference: imaginary (absorptive) part
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Mass difference

e Mass difference comes from the dispersive part

z/d4xT

— consider only ALﬂ = 2 Lagrangian contributions (largest?)

1
2My T

= 1 =
£§fL“ 2 _ 152 CHP =2 (1) Qi)

— leading order: all heavy New Physics models are encoded in (the Wilson
coefficients of) the five dimension-6 operators

Q1 = (Bryeer) (Bry%er), Q2= (BrYaer) (BrY"€R),
Qs = (Arveer) (Bry*er), Qa= (Brer) (Brer),
Qs = (Hgrer) (Brer) -

— need to compute matrix elements for both singlet and triplet states
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Mass difference: matrix elements

e QED bound state: know leading order wave function!

— spacial part is the same as in Hydrogen atom
1 __r

p(r) = —=—==e "M
A /Waﬁ,fy

— can unambiguously compute decay constants and mixing MEs (QED)
Ol my*y°e | M) = ifpp®, (Olmy“e|M)) = fvMye*(p),
(0|,Tw°‘ﬂe |MZ> = ifr (eapﬂ — eﬁpa) :

— in the non-relativistic limit all decay constantsfp =fV =fT =fM

_leOF
fo=ae)

(QED version of Van Royen-Weisskopf)

— NR matrix elements: “vacuum insertion” = direct computation

T S S VNS S T D R 0 P S L0 SN E IV S A LA S T VA T o A R S Fede e ]
Alexey A Petrov (WSU) 7 R&P Town Hall meeting (RFO5: CLFV)



Mass difference: results

e Spin-singlet muonium state: (MP| Qi |MPY = M3,  (MP|Q|MPY = f3M,
. | 3 |/ 1
— matrix elements: (M| Qs [M7) = =5 S2Miy, (M| Qu| M) = =3 My,

= 1
(7| Qs |y = Lz

4(mreda)3 AL=2 AL=2 O ~AL=2 1 AL=2 AL=2
CUP — 7rA2F Cl + C2 - 503 i Z (04 + Cs )

e Spin-triplet muonium state: (MY|Qi|MYY = —3f2, M3, (MY|Q,|MY) = —3f3M3,
_ 3 - 3
— matrix elements (M Qs |MY) = =S SuMir, (M| Qu M) = =2/ M3y,

= 3
(| Qs MYy = gz

12(mypeqar)®
=T A2’

1 1 _ _
CIAL=2 + C2AL=2 + §O3AL=2 + Z (C4AL—2 + CSAL—Z)

Experimental constraints on x result on experimental constraints on Wilson coefficients CkAL:2

that encode all information about possible New Physics contributions

R. Conlin and AAP, arXiv: 2005.10276
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Width difference
e Width difference comes from the absorptive part ’
— light SM intermediate states (e*e™, yy, bv, etc .) M, M,

— DU state gives parametrically largest contribution

1 — |.
Yy = ZMMFIm [(M“ Z/d4:13 T[Heﬁ‘(x)?'leﬁ‘(())]| MN)]
1 — 4 AL,=2 ALL=0
— MMFIm l(M /d :ET/[H. (z )H\ )] Mu>]
New Physics AL, = 2 contribution Standard Model AL, = 0 contribution
1
Lot = — GO WQw)  pameo 40

A2 eff \/— (,UL'}’aeL) (V_eL7aVuL)
- (ML’)IaeL) (V#L’YaVeL) )

Q7 = (BrYaer) (T v ver)
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Width difference: results

e Spin-singlet muonium state:

Gr M3
yP — 9
\/§A2 el

(mreda)3 (C6AL=2 _ C7AL=2)

e Spin-triplet muonium state:

- Gr My
V2A2 721

Yy = (Myeq)? (506AL=2 -+ C’7AL=2)

e Note: y has the same 1/A? suppression as the mass difference!

R. Conlin and AAP, arXiv: 2005.10276
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Experimental results from 1999

e MACS (1999): observed 5.7 x 1010 Mﬂ atoms after 4 months of running

— magnetic field is taken into account (suppression factor)

Interaction type 2.8 uT 01T 100 T
SS 0.75 0.50 0.50
PP 1.0 09 0.50
(V£A) X(VxA)or
(S =P)X(SxP) 0.75 0.35 00
(VA X(VFA)or
(S £ P)X(S=FP) 0.95 0.78 0.67

L. Willmann, et al. PRL 82 (1999) 49

— no oscillations have been observed
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Experimental constraints

e We can now put constraints on the Wilson coefficients of effective
operators from experimental data (assume single operator dominance)

— presence of the magnetic field

P(M, — M,) <83 x 107" /Sp(By)
— no separation of spin states: average

1 i i
P(M, = M)exp = Y o5 TP (M = M)
=Py ~t

— set Wilson coefficients to one, set constraints on the scale probed

Operator Interaction type | Sg(Bo) (from [9]) Constraints on the scale A, TeV
Q1 (V= A)x (V- A) 0.75 5.4
Q2 (V+A)x (V+ A) 0.75 5.4
Q3 (V—-A4)x (V+A4) 0.95 5.4
Q4 (§4P)x (S+P) 0.75 2.7
Qs (S—P)x(S-P) 0.75 2.7
Qs (V—A4)x (V-4 0.75 0.58 x 10 *
Q7 (V+A)x (V- A) 0.95 0.38 x 1073

R. Conlin and AAP, arXiv: 2005.10276
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What do we need from the Snowmass process?

e Collaboration with experimentalists:
— decays: can M/f — 7Y, M/Y —ete”, M/Y — yyy be measured?

» can M, — invisible (SM: M, — v,v,) be measured directly?

Gninenko, Krasnikov, Matveev.
Phys.Rev. D87 (2013) 015016

— oscillations: new experiment(s) to improve bounds?

» Are time-dependent oscillations studies possible?

e Collaboration with theorists:

— matching NP models to EFT operators & complementarity with u — ey,

. Crivellin et al
u — 3e, etc. and other collider measurements Phys. Rev. D 99, 035004 (2019)

— what models of NP can be better probed by muonium oscillations?
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Conclusions and things to take home

e Muonium is the simplest atom (a bound state of u* and e¢™)
— a heavy-light state that can exhibit flavor oscillations (like K, B, and D mesons)

— oscillations probe New Physics without complications of QCD

e We discussed modern approach to phenomenology of muonium mixing
— mass differences Am (heavy NP intermediate states)

— lifetime differences AI" (SM intermediate state, NP in ALﬂ operators)

e We used EFT to compute oscillation parameters
— results can be matched to particular models of New Physics

— found that both Am and AI” parametrically scale as O(A~?)

e Last experimental data is from 1999! Need new data!

— we already probe LHC energy domain!
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1999: experimental setup and constraints

e Similar experimental set ups for different

. pump ()
experiments o ' iron
magnetic field coils MCP
— example: MACS at PSI hodoscope Csl
MWPC annihilation
; . ; + beam counter phot 1
— idea: form M by scattering muon (u™) photons
. H SiOstarget . —
beam on SiO; target accelerator €
iron
e A couple of “little inconveniences”: T || collimator HH‘
= how to tell fapart from f? ——F— = j]
. +,—5 — 5 : :II:\ - °) o
- M, — fdecay: M, —» e"e v, [ ‘ig/ B (e
— - R + - - separator
- M, — f decay: M, — eTe i, e T s—

— fifaste™ (*53 MeV), slow e™ (13.5eV) 1 onumAntimuonium

= oscillations happen in magnetic field Conversion Spectrometer (MACS)

_ L. Willmann, et al. PRL 82 (1999) 49
— ... Which selects Mﬂ VS. MM

The most recent experimental data comes from 1999! Time is ripe for an update!
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Effective Lagrangians and lifetime difference

o Effective Lagrangians for AL =0, ALﬂ =1, and ALﬂ =2

AL,=0 _ _4Gr
Lg" \/ﬁ (Brvaer) (VeL’Y VuL)

AL,= — — -
Leg" T = @Z [ (C\J;R iRy er + C\J;L .UL7a6L) fraf
f
+ (Cf1 R BrYer+CY; ﬁLv"eL) fravsf
+ memfGF (CgR prer + C'fch ﬁLeR) Tf
+ memfGF (CIJ;R HURer + CI{'L ﬁLeR) 7'75f

+ memiGp (C%R figo®Per, + CL, Tipo® eR) fousf + h.c. ]

- 1
£;Aﬂ:Lu. 2 — A2 ECAL 2 Qz(,u'

Q6 = (U‘L’YaeL) (VuL’Y VeL) ) Q7 — (l_"’R’YaeR) (V_ML’YaVeL)

e AT naively O(A~) from double AL, = 1 insertion! But not always...
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Effective Lagrangians and particular models

e Effective Lagrangian approach encompasses all models

— lets look at an example of a model with a doubly charged Higgs A™~

— this is common for the left-right models, etc.

Lr= ggngecA + H.c.,

— integrate out A7 to get

GeeGup ,— — a
Ha = ;ﬂ (HrYaer) (BrY“er) + H.c.,
2M3

— match to ZeAfszz to see that M, = A and

Cpl=2 = eeGuu/2
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